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Fundamentals 


Phase  Relations  and  Transformations 
Microstructurai  Evolution 
Deformation  Mechanism 
Aiioying  Effects 

Deformation  and  Fracture  Behavior 
Environmentai  Resistance 


Alpha  Decomposition 


At  Very  Slow  Cooling  Rate 


At  Intermediate  Cooling  Rates 

Lamellar  Structure  Formation 

Stacking  Fault  Mechanism 
Gamma  Precipitation  and  Growth 

Ordering 

No  Compositional  Changes  Involved 
Compositional  Changes  Involved 

Effects  of  Composition  and  Cooling  Rate 


At  Fast  Cooling  Rates 

Widmanstatten  Structures 
Massively-Transformed  Gamma 
Formation  of  a2  Phase 


Temperature(**C) 


30  35  40  45  50  55  AI 

DTA  Data  at  30°C/min 


Cooling  Rate  vs  Lamellar  Spacina 

/"r:  ii-»  A  ix  ■  w 


w 


1500 


K 


<r 


A 


Cooling  Rate  (°C/min) 


Cooling  Rate  (R)  vs  Lamellar  Spacing  (J.) 


Processing  Routes  for  Gamma  Alloys 
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Alloy  Ingot 


Alloy  Powder 
(Elemental  Powder) 


Alloy  Casting 


Microstructural 
Evolution  and  Control 


Principle 

Phase  Relation  and  Transformation 


In  Practice 

Formation/Growth  Kinetics,  Distribution  and 
Morphology  Depend  on  Starting  Microstructural 
and  Compositional  Conditions. 

Controlling  Factors 

Temperature  and  Time 

Heating  Rate,  Cooling  Rate,  and  Scheme 

Aging  Method  and  Condition 


Starting  Material 

Cast  Product 

Ingot  Wrought-Processed  Material 
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Material  Processed  by  Other  Processes 
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Processing 


Ingot  Preparation 

Methods:  ISM;  PAM;  VAR;  VAR-Skull 
Size  Limitations  (?) 
Compositional/Microstructural  Issues 

NNS  Casting 

Investment  vs.  Permanent-Mold 

Issues:  Refinement;  Porosity/Hip-Cycle 
Thin-Section  Casting 

Wrought  Processing 

Primary:  Conversion;  Mill  Production 
Secondary:  Forming,  Roiling,  etc. 
Heat-Treatment  Cycles 
Joining;  Machining 

Other  Processes 


Processing  Routes  for  Gamma  Alloys 


IM  PM  Casting 


Microstructure  Control 
in  Castings 


standard  Alloys 

Ti-47AI-(1-2)Cr-(2-4)(Nb,Ta,W)-{0-0.2)Si 

As-Cast  Microstructures 

Non-uniform;  Lamellar  Base 

Controlled  Microstructures 

Refining  and  Uniformization 
Practical:  Casting  Duplex 
Desired:  NL;  Refined  FL 


Boride-Containing  Alloys 

XD  Gamma  Alloys 

TI-{45,  47)AI-4(Cr,Mn)-2Nb-0.8TiB2 
TMT-Type  Microstructures 

Others:  IHI;  GKSS 
Inoculation  by  Borides 


Microstructures  in  Castings 


XD  (HIP'ed)  GKSS,  As  Cast 


Microstructure  Control 
in  Wrought  Alloys 


standard  Alloys 

Ti-47AI-{0-3)  (Cr.Mn,V)-(0-6)  (Nb,Ta,Mo,W) 

As-Processed  Microstructures 

Fine  Mixture  of  Gamma  and  AIpha-2 

Heat  Treatments  Yield 
Standard  Microstructures 

standard  Microstructures 

Types 

Near-Gamma  (NG) 

Duplex  (DP) 

Nearly-Lamellar  (NL) 

Fully-Lamellar  (FL) 

Inverse  EI/K1c  Relationship 

Difficulties  in  Designing 

Effort  on  Fundamental  Understanding 


Designed  Microstructures 
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Structure/Property  Relationships 


General  Mechanical  Behavior 

Tensile 

Fracture  Toughness 
Creep 

Fatigue;  FCG, 


Inverse  Ductility/FT  Relationship 


Deformation  and  Fracture  Behavior 

Tensile  Loading 
Cyclic  Loading 
Creep  Loading 

Damage  Tolerance  and  Life  Prediction 
Microstructure  Optimization 


1 270°C/4h/AC/RT  1 270“C/4h/FC/900°C/AC 

+  900°C/48h/AC 


Weak  Yield  Point  Pronounced  Yield  Point 


K5  Duplex:  et=0.5% 


Duplex  ( + )  Treatment  and  Cooling 
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Tensile  Fracture  Surfaces  of  Alloy  G1  in  Various  Microstructural  Conditions 
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Tensile  Curves  of  Fully-Lamellar  Gamma  Materials 
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Fully-Lamellar  Duplex 

RT  Tensile  Fracture  Features  of  TiAl  alloys  in  FL 
and  Duplex  Microstructural  Conditions 


Grain-Siz0//Yie!d-Stress  Relations  in  TiAl 

Grain  Size,  d  (^lm) 


Specimen/Grain  Size  Effect  on  Tensile  Properties 


Total  Elongation  (%) 


Specimen-Diameter/Grain-Size  =  8.2:1 


Yield  Stress  (MPa) 


Hall-Petch  Relations  in  TiAi  Alloys 
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Yielding  of  the  (r+c^)  Lath  Structure 

Ti-(46.5-47)AI-  (4-6)(Cr,V,Nb,M) 


Soft 


Tensile  Properties  of  Alloy  K5 

Dependence  on  Microstructure,  Temperature  and  Strain  Rate) 


Temperature  (°C)  Temperature 
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Near  Cl  site 


Away  From  Cl 


Tensile  Deformation  and  Fracture  of  a  Duplex  Alloy  K5 

at  800°C  In  Air 


Temperature  Effect  on  Fracture  Mode 


Duplex  at  RT 


RFL  at  RT 


Duplex  at  600°C 
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Tensile  Properties  of  Alloy  K5 

(Dependence  on  Microstructure,  Temperature  and  Strain-Rate) 
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Strain  Rate  (s'^)  Strain  Rate  (s"*) 


Effect  of  Strain  Rate  on  BDT  in  Aiioy  K5 


Factors  Controlling  Tensile 

Properties 


Microstructure 

Types:  Duplex  vs.  FL 
Features 

Grain  Size  and  Morphology 
GB  Morphology 
Lamellar  Spacing  (LS) 
a2/7  Ratio  (a2Vol%) 

Uniformity 

Composition 

a2/y  Ratio;  LS 

Cleavage  Strength 


Interfacial  Bond  Strength 


Grain  Size  Effects  on  Tensiie  and  Toughness 
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Fracture  Resistance  and  Near-Tip  Plasticity  at  RT 


Stress  Stress 


FL:  GS-llOOum 


0  0.1 
Strain 


General  Tensile  Yielding  vs.  Near-Crack-Tip  Plasticity  at  Kic 


Fracture  Toughness 
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T-Cracks  Involving 
Delamination,  and  Both 
Inter-  and  Trans-lamellar 
Slip/Twinning 


K,  MPaA/in 


0.0  0.5  1.0  LS  2.0 

CRACK  EXTENSION,  mm 


Effect  of  displacement  rate  on 
alloy  at  800'C 


the  K-resistance  curves  of  the  GIL 
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Stress  (MPa) 
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Temperature  (°C) 

Turbine  Blade  and  Vane  Operating  Temperatures, Yield 
Stresses  (YS),  1000-h  RuptureStresses  (RS)  for  Superalloys 


Stress  (ksi) 


Effect  of  AI2O3  Layer  on  Creep 

Creep  of  Allov  K5 


p  strain  (%) 


Creep  of  Alloy  K5  Series 

(under  severe  conditions) 
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Figure  8  Dark  field  electron  micrograph  showing  the  bypassing  dislocations  in  0^o.49^.5i)99.5 
Cq  5  aged  at  1073  K  for  3.6x10^  s  (lOOh/over  aged)  and  deformed  to  3%  at  873  K.  The  disloca¬ 
tion  loops  surrounding  needles  can  be  seen. 

694 


Aging  Time,  t  /  s 

Figure  2  Effects  of  the  deviation  from  the  stoi¬ 
chiometry  on  the  variation  of  compressive 
yield  strength  of  (Tio.fiAlo  49)995005, 

(Tio.50'^.5o)99.5^0.5  (Tio.49^.5l)99.5 

Co_5  during  aging  at  1073  K. 
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°  (TIo^i  Al  0.49)  99^o.s  36  ks  agedi 

^  {T1  Q,so  Al  0^0)  99jCqj  1073  K,  36  ks  aged  r  This  work 
o  CTio.49  Al  Oil)  99jCoj  1073  K,  3.6  ks  agedJ 
®  S0TI-47.SAl-2.SCr  M.A.Morris  (1 994) 

•  4STl-4SAI-10Nb-yQ  j.^g„gjg, 

•  34TI-48Al-18Nb-' 

A  52TI>46AI  S.C.Huan9  and  O.S.Shih  (1991) 

A  52TI-4aAI  G.Chen  et  al.  (1993) 

■  52n-48AI  MJ\.Morris(1994) 
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Figure  3  Temperature  dependence  of  compressive  yield  strength  of  (7^0.51^.49)99.5^0.5 
(Tiq  ^qAIq  ^0)99  ^^0  ^  3§od  at  1073  k  for  3.6x10*^  s  (10  h),  and  (710.49^^.51)99.5^0.5 
1073  k  for  3.6x10'’  s  (1  h).  Data  for  binary  and  ternary'  HAl  are  also  included. 


Fatigue  Deformation  and  Fraoture  of  FL  Alloy  K5  at 
800°C  and  R=0.1  in  Air  (UTS  =  500  MPa) 


GrT,/UTS=430/500  MPa  ;  Cf  =2,310  am/UTS=330/500  MPa  ;  Cf  =7.2x106 


Fatigue  Fracture  of  Alloy  K5  in  Various  Conditions 
at  800°C  and  R  =  0.1  in  Air 


Load-Controlled  Fatigue  Failure  of  FL  Alloy  K5 

(R=0.1  /  870“C  /  Air) 


Away  from  Cl  Away  from  Cl 


am  =  625  MPa /Cf=  1629  c>m  =  575  MPa  /  Cf  =1 .36  x  1 0® 


Fatigue  Fracture  of  a  Duplex  Alloy  K5  at  600°C  in  Air 

(R  =  0.1;  UTS  =  583  MPa) 


Specimen  Geometry  Effect  at  <BDTT 
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Frequency  and  Fatiguing  Time) 


Effect  of  Frequency  on  HCF 

(at  800°C) 


High  Stress  Regime  (omaxXJy) 

Frequency-d6p6ndent  (need  investigation) 
High-rate  deformation 

Low  Stress  Regime  (OmaxXJy) 

Frequency-independent 
Time-dependent 
Creep  deformation  important 

Creep  Fatigue 

Suggested  at  Low  Stresses 
Mean  Stress:  Gavg  =  (a  max  +  <7min)/2 


conditions. 
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FCG  of  Alloy  K5 


A  K  (MPaVm) 


Fatigue  Deformation  and  Faiiure 
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Fatigue  Behavior 


FCG  Rates  of  TiAi  Alloys  and  Nimonic 


AK  (MPaVm) 


Alloy  K5  vs.  Disk  Superalloys 


Alloy  Design 


Alloy  Selection 
Microstructural  Optimization 

Considerations 

Mechanical  Data  and  Behavior 
Damage-Tolerance  &  Life-Prediction 
Microstructural  Controllability 

Derive  Optimum  Microstructures 

Devise  Process  &  Treatment  Schemes 

Chemistry  Modification 

Promote  Desired  Microstructures 
Improve  Mechanical  Behavior 
Enhance  Environmental  Resistance 

Design  of  Microstructures 

Property  Requirements 
Dimensional  Considerations 
Component-Specific  Microstructures 
Scaled-up  Process  Development 


Designed  Microstructures 


Refined  FL  (RFL) 

Alloy  Modification 
Innovative  Heat  Treatments 

TMT  Lamellar  (TMTL) 

Boron  Addition 
Heat  Treatments 


TMP  Lamellar  (TMPL) 

Extrusion 

Forging 

Aging 


**Aligned  Lamellar** 

Directionally  Solidified  (DS) 
Directionally  Worked  ;  delm;  dflm 


Other  Types:  Under  Exploration 

Chemistry  Modification 


(Standard:  NG,  DP,  NL  and  FL) 


Optimized 

Microstructural  Features 

(Wrought  Alloys) 

Lamellar  Structure  Base 
Grain  Size:  50-400  p,m 
GB  Morphoiogy 

Slip  Transmission 
Bond  Strength 

Lameilar  Spacing  <2}im 
Strength;  Strain-to-Failure 
Toughness;  Creep 

ai  Voiume  Fraction:  5-30  % 

strength;  Ductility;  Toughness 
Anisotropy 

Texture  Consideration 

Duplex  Microstructures  (?) 


RFL  vs.  TMTL  Microstructures 


TMT  Lamellar  Microstructures 


Cooling  Rate 


Cooling- Rste  and  Boron  -Contont  on  Alpha  Decomposition 
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min)  and  Cooled  Differently 


TMP  Lamellar  Microstructures 


Thermal  Stability  of  TMP  Lamellar  Extrusions 
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Flow  Curves  of  Lamellar  Alloys 


Stress  (ksi) 


Strengths  of  RFL/TMPL  Gamma  Alloys 
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Microstructure  on  RT  Tensile 
Properties 


Yield  Stress  (MPa) 


Cooling  Rate  vs  Microstructure/Tensile-Properties  In  a-Treasted  Alloy  G8 


HIGH  TEMPERATURE  MATERIALS 

Advances  in  Microstructural  Control 


Properties  of  Titanium-Base  Alioys  and  Superailoys 


Component  Forming 

(Wrought  Processing) 


Turbine  Engine  Components 

Blades 

Alloy/Microstructures 
Mill  product  +  Machining 

Impression  Forging  to  NNS 
Isothermal 
Hot-Die  Forming 

Heat  Treatment 

Disks 

Mill  Product  +  Machining 
Impression  Forging  to  NNS 
Isothermal 
Hot-Die  Forming 

Heat  Treatment 


Engine  Valves 

Automotive  Engines 
Aircraft  Engines 
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Automotive  Valve  Forming 


Cast  Valve 

Casting 

Hipping 

Passenger  Car 

Wrought  Valve 

Isothermal  Forging 

Production  Die  Extrusion/Forging 

Preconditioning:  IM;  PM 
High  Rate  Extrusion  of  Preforms 
High  Rate  Head  Forging 
Microstructure  Control 

Head/Stem  Joining 

High  Performance 


G10  Valve  Extrusion: 
Transverse  Sections 


High-Rate  (80  cm/sec) 
Warm-Die  (250°C) 
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Applications 


Aircraft  Gas  Turbine  Engines 


Automotive  Engines 


Land-Based  Gas  Turbine  Engines 


Others 
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Summary  and  Future 


Continuous  Alloy  Exploration/Design 
Casting  vs  Wrough  Alloys 
Continuous  Search  for  Fundamentals 
Process  Development 
Component-Specific  Alloy  Design 
Search  for  Application  Areas 
Understand  Practicality 


Collaboration/Exchange 


